Quasielastic incoherent neutron scattering is a well suited and established experimental method to study protein and water dynamics in the picosecond to nanosecond time-and Ångstrom length-scale. Using deuterium labelling either protein or water motions can be selected and brought into focus. Protein and cell water dynamics were separately studied in red blood cells. A consistent picture of cytoplasmic water and protein dynamics in whole cells is emerging from recent experimental results.
Introduction
At physiological temperature, in which they are active and fulfil their respective functions, biological macromolecules display a dynamic variety of motions. These occur on various length-scales, from a fraction of one hundredth of a nanometre to several nanometres, and on a wide range of time-scales, from the femtosecond to the second. Proteins are polypeptide chains, which through interactions with their aqueous environment, with themselves, and sometimes with other ligands, fold and assume specific structures that are relevant for biological function. Folding energies are relatively weak, comparable with~kT, making protein structures very sensitive to temperature and solvent composition. There are two necessary conditions that a protein structure must fulfil: its time-average must be stable under particular physiological conditions; it must display the motions around this time-average that are required for its activity. Water plays an essential (one can safely say vital) role in protein folding, stabilisation and activity. Its physiological state in cells is, therefore, of great interest in the context of understanding biological function at the molecular level. The dynamical processes are essential for biological function. Measurement and characterisation, in vivo, of such molecular scale dynamics, however, is particularly challenging. Neutron scattering results on molecular dynamics measured in red blood cells (RBC) are reviewed in this article.
Energy-resolved neutron scattering is amongst the few methodologies that have provided experimental data in the area of biological molecular dynamics. In quasielastic neutron scattering (QENS) and elastic incoherent neutron scattering (EINS) experiments, it is the incoherent scattering of H atoms that is mainly observed and analysed. In the time-scales examined, H atom motions reflect those of the chemical groups to which they are bound. They are, therefore, excellent indicators of internal and global dynamics in macromolecules, as well as of water dynamics. The scattering cross-section of deuterium (D or 2 H) is much lower than that of H, so that H-D isotope labelling is a powerful technique to focus on the dynamics of different components of a complex system, e.g. to selectively detect the dynamics of protonated amino-acids in a deuterated protein [1] [2] [3] .
The cytoplasm of all cells is a crowded environment containing at least 70% water [4, 5] . The free distance between macromolecules in the cell is in the order of one nanometre [6] . Similarities and differences in structure and dynamics of cytoplasmic and bulk water have attracted large scientific interest, reviewed by Ball [7] . Water surrounds biological macromolecules, forms their hydration shells and allows them to be functional and active. Because of interactions with the protein surface, hydration shell water displays structural and dynamic differences with bulk water, reviewed by Bellissent-Funel [8] . The question then is: does the cytoplasmic environment modify the properties of water (compared with the bulk phase) beyond the immediate hydration shells of macromolecules? It is an important question because most biochemical studies are performed in fractionated systems in dilute solution, with the assumption that the observations are significant for the corresponding cellular process. In vitro EINS work on proteins in membranes [9, 10] , in solution and in hydrated powder samples [2, 11, 12] has established that protein dynamics is strongly hydration dependent. It was of significant interest, therefore, to measure protein dynamics in vivo.
Cells are highly complex systems. Eukaryotic cells consist of several organelles (nucleus, mitochondria, golgi complex, etc.). They contain thousands of different proteins and large amounts of DNA, RNA and ribosomes. Many proteins are involved in large macromolecular complexes and assemblies. Cells are far from being static, e.g. during mitosis they can change their composition. Prokaryotic cells, such as E. coli, are somehow simpler as they do not have any organelles. They still contain many different proteins, including large fractions of DNA and RNA. Average properties of these cells are therefore difficult to attribute precisely to a certain component. RBC on the other side are highly specialised and very simple eukaryotic cells. RBC do not contain any organelles or DNA.RNA and their main constituent is hemoglobin (Hb) at 92% of dry weight. The concentration of Hb in RBC is 330 mg.ml [6] , which corresponds to a volume fraction of 0.25. Using the above mentioned techniques of hydrogen. deuterium labelling, average dynamics of whole cells as measured with incoherent neutron scattering can be attributed to either macromolecular Hb or H 2 O dynamics. Hb is a tetramer with a molecular mass of 64 kDa. It consists of two so called α-and two -chains, each of them have 141 and 146 amino acids, respectively [13] . Every chain carries one heme-group which can reversibly bind oxygen and other diatomic molecules. Binding of oxygen to deoxygenated Hb results in a change of the structure of Hb [14] . The fully oxygenated form is called R-state (relaxed state), whereas the deoxygenated conformation of Hb is termed T-state (tensed state). Binding of O 2 to Hb is cooperative and Hb is a prototype of a protein which exhibits allosteric regulation [15] .
Experimental
Hb dynamics in powders, solutions and RBC were measured by EINS on IN13 with an energy resolution of ∆E = 8µeV full-width at half-maximum (FWHM), and by QENS on TOFTOF (FWHM ∆E = 100 µeV) and FOCUS (FWHM ∆Ẽ 50 µeV) [11, 16] . At the energy resolutions of the time-of-flight spectrometers global macromolecular diffusion is strongly suppressed or even absent in the concentrated Hb solution and powder samples, respectively. The scattering function S(q,ω) of Hb internal dynamics was therefore approximated as (1) where A 0 (q) is the Elastic Incoherent Structure Factor (EISF), <x 2 > is proportional to mean square displacements of fast vibrational motions and q is the modulus of the scattering vector. The observed average protein dynamics were detected with one Lorentzian with the half-widths at half-maximum (HWHM) Γ I (q). In the RBC sample, global macromolecular diffusion contributes to the measured intensities and the scattering function then reads (2) with an additional Lorentzian with the HWHM Γ G (q) for global Hb diffusion. The scattering functions plus linear background were convoluted with the instrumental energy resolution and fitted to the measured data.
Total mean square displacements <u 2 QENS data from neutron time-of-flight and backscattering spectrometers with various energy resolution values ∆E were combined for the experiments on cell water dynamics. The corresponding time-scales covered the range from that of bulk water to that of reduced mobility interfacial water motions. RBC water was measured on IRIS (FWHM ∆E = 17 µeV), FOCUS (FWHM ∆E~50 µeV) at PSI and TOFTOF (FWHM ∆E = 100 µeV) at FRM-II [17] .
The scattering function S(q,ω) for translational and rotational diffusion of water was approximated as (3) the first Lorentzian in the curly brackets represents translational diffusion, the second Lorentzian combines translational and rotational diffusion with the HWHM Γ T (q) and Γ R (q), respectively. The scattering function was convoluted with the instrumental resolution function and fitted to the measured spectra S exp (q,ω) according to (4) where A 0 (q) is the EISF of slow hydrogen dynamics that appear localized within the instrumental energy resolution and B is linear background. TOFTOF and FOCUS data were interpreted according to equations (3) and (4), whereas for IRIS it was sufficient to describe the data with one Lorentzian for translational dynamics.
Translational diffusion coefficients, and jump model parameters were calculated from the q 2 dependence of the Γ T (q), where q is the scattering vector modulus.
Protein dynamics in red blood cells
In a first set of experiments we studied the dynamics of Hb in RBC with QENS [16] . RBC were repeatedly washed with saline D 2 O buffer to reduce the scattering contribution of water and to focus on protein dynamics. In our approach we could separate global protein diffusion from internal Hb motions. We complemented our neutron experiments with dynamic light scattering measurements to obtain the diffusion coefficient of Hb in dilute solution.
Doster and Longeville studied global Hb diffusion in RBC using neutron spin-echo spectroscopy [18] . The authors compared the obtained long-time limit of the diffusion coefficient with predicted values of hydrodynamic theory of non-charged colloids with hard-spheres interactions. It was demonstrated that quantitative agreement between measurement and theory can be reached when part of the hydration shell is assumed to be attached to the surface of Hb and to move in a joint way. In our study using neutron time-of-flight spectroscopy, we also compared the measured global diffusion coefficients of Hb to theoretical predictions for concentrated suspensions of non-charged hard-sphere colloids. The values of the diffusion coefficients in the cells were found to be in the same order as it is expected for short-time self-diffusion.
Conclusions about internal Hb dynamics can be drawn from the amplitudes of the EISF and the half-widths of the quasielastic broadening. Doster and Settles determined the displacement distribution of hydrated myoglobin with neutron scattering [19] . The authors found that a protein is characterised by a rather broad bimodal displacement distribution which consists of a vibrational part and a component that was attributed to rotational jumps of side-chains [19] . In an alternative approach, measured EISF of internal protein dynamics were interpreted with a model for 'diffusion in a sphere' [20, 21] . In this approach, the observed picosecond protein motions are attributed to the diffusion of side-chains within a restricted spherical volume. It was shown that it is more appropriate to use a distribution of sphere radii combined with the 'diffusion in a sphere' model to describe measured EISF more accurately [22] , with a Gaussian distribution of sphere radii as the simplest approximation . In our study on Hb dynamics in RBC, the EISF was fitted using a model for 'diffusion in a sphere' with a Gaussian distribution of sphere radii to take into account for the dynamic heterogeneity of protein dynamics. The detected dynamics in the order of some picoseconds were attributed to localized diffusive motions of amino acid side-chains.
The mean value â of the Gaussian distribution is plotted as a function of temperature in Figure 1 . The error bars are rather large but up to 31.9°C the mean value increases linearly with temperature. Above 36.9°C, there is a signifi- cant increase in â which indicates an increase in the flexibility of the protein.
Complementary studies on dilute Hb solutions using circular dichroism [23, 24] and micropipette aspiration experiments on single RBC [25, 26] reported that Hb senses body temperature and exhibits 'partial unfolding' of its structure above body temperature. Our study on internal Hb dynamics is in agreement with these results and would further indicate that the flexibility of Hb is larger in the 'partial unfolded' than in the folded state.
Hydration dependence of hemoglobin dynamics
A subsequent set of experiments was designed to test whether or not the body temperature effect existed in Hb outside RBC [11] . Hb dynamics was measured in different samples from solution (~570 mg.ml Hb in D 2 O buffer) to hydrated powder (0.4 g D 2 O.g Hb). Our goal in the study was to investigate in detail with neutron scattering, how motions of human Hb depend on hydration.
To be comparable with the study of Hb dynamics in RBC, we used the same 'diffusion in a sphere' model with a Gaussian distribution of radii to interpret the measured EISF. The average sphere radii â of Hb in concentrated solution and as hydrated powder are presented in Figure 2 . A break in the temperature dependence of the average sphere radii was detected close to human body temperature in the concentrated Hb solution but not in the hydrated powder sample.
Furthermore, we investigated the behavior of the quasielastic broadening of both samples. Measured half-widths of the Lorentzians are presented in Fig-Fig. 3. (A) Half-widths at half-maximum Γ of the Lorentzian for internal protein dynamics as a function of the scattering vector at different temperatures of Hb in solution and as hydrated powder [11] Our experiments revealed that increasing hydration of Hb has a strong influence on the rates of diffusive motions. The obtained activation energy E a of the residence times raises from 1.45 ± 0.18 kcal.mol for Hb solution to 1.70 ± 0.12 kcal.mol for hydrated Hb powder. We concluded that an increase of hydration from a single layer to nearly three layers enhances the rates of diffusive motions. The supplementary amount of water decreases the activation energy barriers between diffusive jumps and thus facilitates protein dynamics, as shown with QENS. In the picture of Fraunfelder and co-workers, proteins exist in many slightly different conformational substates which are separated by activation energy barriers [27] . The sampling of the conformational substates contributes to the entropic stabilization of proteins. Lower activation energy barriers allow an increased sampling rate of the conformational substates. The other term that determines protein stability is the enthalpic contribution which is determined by the macromolecular force field [28] .
Additionally, we measured mean square displacements <u 2 > as a function of temperature of the hydrated Hb powder sample on the backscattering spectrometer IN13 at ILL to confirm the presence of the dynamical transition at around 180-200 K [29] in the sample. Typical measured intensities I(q) are In the previous study of Hb dynamics in RBC, the break at 310 K in the sphere radii was interpreted as partial unfolding of Hb at human body temperature [16] . The same interpretation is valid for the results of Hb in concentrated solution. In this sense, the partially unfolded state of Hb solution at temperatures above 310 K has got higher flexibility than the low temperature state, as the Gaussian distribution of radii is shifted to larger volumes. The fact that partial unfolding and the consequent changes of dynamics do not occur in hydrated powder implies a crucial role of hydration in this process. It was previously suggested that solvent accessible amino acid side-chains might be responsible for Hb partial unfolding [31, 32] which leads to Hb aggregation at temperatures above body temperature [25] . The observed changes in the dynamics of amino acid side-chains at body temperature might be responsible for an increase in surface hydrophobicity that facilitates protein association and aggregation [24, 33] . The experimental facts presented in this work justify this view. Diffusive motion rates of side-chains are strongly suppressed in hydrated Hb powder as compared to Hb in concentrated solution. We concluded before that protein dy-namics and changes in the complex macromolecular force field might be responsible for small structural changes and pronounced protein aggregation above body temperature [33] . The molecular properties of Hb therefore could determine in this sense the macroscopic properties of whole RBC [34] . We identified a fast process in the order of some picoseconds that might be responsible for the observed changes in Hb dynamics at body temperature. A sufficient level of hydration beyond one surface layer is crucial for the activation of this fast process. .. practically all cell water is interfacial' [35] . It was suggested that the cell interior is a gel or colloidal-like structure in which confined water is interfacial with properties that are significantly different from those of pure water. The claim about water dynamics was derived from indirect macroscopic experimental observations and remains controversial, reviewed by Ball [7] . It is interesting to note that a recent QENS study has shown that water diffusion in clay gels was similar to bulk water in the Å-ps length-and time-scale [36] . The apparent diffusion coefficient of water in various biological tissues, including the brain, has been measured by NMR. On a micrometric scale, water diffusion appeared to be reduced by a factor of between 2 to 10 compared to pure water, review by Le Bihan [37] . In contrast, very little was known about cell water dynamics on sub-micrometric and sub-nanosecond scales.
Water dynamics in cells
Water is essential to life and a major scientific interest lies in a detailed understanding of how it interacts with biological macromolecules in cells. The cellular environment is extremely crowded with macromolecular concentrations up to 400 mg.ml [38] . Distances between macromolecules are in the order of 1 nm, which corresponds to only few layers of water. Water that is in close contact with hydrophilic or hydrophobic protein surfaces [39] or which is trapped in surface cavities [40] is shown to have significantly different behavior than bulk water. Recent studies point out that a major fraction of water in cells and bacteria shows bulk like dynamics [41, 42] . We measured QENS of H 2 O in RBC, in vivo. The data revealed two populations of water in RBC: a major fraction of~90% which has dynamical properties similar to those of bulk water (time scale~ps) and a minor fraction of~10% which is interpreted as bound hydration water with significantly slower dynamics (time scale~40 ps).
Cell water dynamics was measured on the instruments IRIS at ISIS, FOCUS at PSI and TOFTOF at FRM-II. The neutron spectrometers are characterized by their specific energy resolution and scattering vector range, which determine the observable time and lengths scales of hydrogen motions. The energy resolutions of the instruments IRIS, FOCUS and TOFTOF were 17 µeV, 50 µeV and 100 µeV, respectively, corresponding to observable motions in the time scales in the order of 40 ps, 13 ps and 7 ps. As fully deuterated RBC are not available, Human RBC samples were prepared in an identical way in H 2 O and D 2 O buffer and concentrated by centrifugation. The water content in the samples was determined by drying and weighing aliquots. The extracellular water content was found to be less than 10% of the total water content assuming a cellular Hb concentration of 330 mg.ml. We estimate that the incoherent cross section of the intracellular H 2 O is more than three times that of the macromolecules. In D 2 O, the incoherent cross section of water is~10% of the macromolecules [16] when the exchangeable protons of Hb are also considered. The difference intensities are therefore dominated by the water signal, and we additionally assume that membrane and macromolecular dynamics are similar in H 2 O and D 2 O buffer.
The line-widths of the translational component Γ(q) of cell water measured on the instrument IRIS are shown with fits according to a jump-diffusion model in bulk water. The results indicate that translational diffusion of water in RBC behaves similarly to bulk water.
Furthermore, we identified a significant fraction of immobile water in RBC that is absent in H 2 O buffer. The immobile water fraction was determined by the amplitude of the elastic peak divided by the integrated total intensity. Experimental data is presented in Figure 6 b) for the smallest accessible scattering vector of q~0.6 Å K1 which reports on all movements up to around 10 Å real space distance. On this length scale confining effects of protein surface cavities or boundaries on water become observable. The obtained immobile fraction of cellular water varies between 11% and 8% in the investigated temperature range. The uncertainty due to background subtraction was estimated to be below 2%. The immobile fraction was attributed to water which is dynamically bound on the surface of Hb.
Hydrodynamic experiments on Hb required the assumption of a bound water coverage of around 50% of the first hydration layer around the protein, in order to predict quantitatively the measured parameters [43, 44] . From the known Hb concentration inside RBC, we calculated that~50% of the hydration layers does in fact correspond to about 10% of the total cytoplasmic water, in agreement with the analysis of the elastic intensities.
The QENS results on RBC established firmly that water diffusion, beyond the narrow hydration shells around macromolecules, is neither confined nor significantly slowed down compared to pure water. Contrary to the widespread belief that water is "tamed" by macromolecular confinement, cell water diffusion beyond the hydration shell is similar to that of pure water at physiological temperature. The same conclusion has been reached using NMR spectroscopy by Persson and Halle [42] . The authors have examined the rotational spin relaxation rate of E. coli water, over a wide time range from the millisecond to the picosecond time-scale, and found that about 85 % of E. coli water presented rotational relaxation times similar to those of pure water. The remaining 15% of cell water in E. coli was interpreted to H 2 O molecules with slow dynamics which are in the hydration shell of biomolecules. The study of Persson and Halle therefore supports our results and interpretation of H 2 O dynamics in RBC.
Summary
In conclusion, the following results were obtained from the in vivo QENS and EINS measurements of biologically significant molecular dynamics: Beyond the hydration shell, which account for about 10% of the total water content in cells corresponding to half a layer of water around macromolecules, cytoplasmic water flows as freely as bulk water in RBC in the Å-ps space-time window [17, 45] . Hb dynamics in RBC was found to be correlated to body temperature [16] . Comparison of data from RBC, from concentrated Hb solution and hydrated Hb powder samples indicated the great sensitivity of protein dynamics to hydration conditions [11] . In particular, it appeared that even fully hydrated powders do not display the same range of motions as Hb in the cell and in concentrated solution.
